Abstract Although chronic daily headache (CDH) represents one of the most relevant complaints of patients in headache centers, the mechanisms underlying the chronicization of head pain are poorly understood. Experimental animal models of chronic pain suggest the involvement of a functional disturbance of several neuronal pathways. The disturbances include an abnormal excitability of nociceptive fibers supplying pain-sensitive structures in the brain responsible for peripheral sensitization (chronic neurogenic inflammation), an increased responsiveness of sensory neurons of the dorsal horns in the upper spinal cord and trigeminal nucleus caudalis (central sensitization), and a functional abnormality of facilitating and inhibitory supraspinal pathways. Moreover, based on the experimental chronic pain models, the concepts of hyperalgesia and allodynia, the phenomena of wind-up and kindling, and the suggestion of a long-term potentiation (LTP) inducing a "memory of pain" also in the head have been advocated to explain chronic head pain. However, these hypotheses have been only partially substantiated by robust findings in patients affected by CDH. In the last few years, investigation in patients with biochemical disturbances and neurotransmitter abnormalities in patients with CDH have been undertaken. Certain common mechanisms, but also discrepancies, have been identified between the two principal CDH forms, "transformed migraine" and chronic tension-type headache. The biochemical and neurotransmitter alterations associated with analgesic and ergotamine abuse, which often is associated with CDH and the more recent triptan misuse, are at the moment only partially known. The most relevant results supporting the alteration of neurotransmitter pathways related to nociception in CDH are reviewed. S72 also supraspinal sites particularly in maintaining secondary hyperalgesia [4] . From the perspective of chronic head pain, changes consequent to increased afferent input from sensitized nociceptors and, perhaps previously nonactive silent nociceptors, in cranial vascular and myofascial structures, may involve a remodelling of circuitry in the upper spinal cord and also trigeminal nucleus caudalis, thereby contributing to an aberrant allodynic state responsible for persisting head pain [5] .
Another hypothesis which was translated to CDH from experimental animal models of pain is that of central sensitization, consisting in an increased spontaneous impulse discharge of trigeminal neurons and an increased sensitivity to noxius and non-noxious stimuli and in an enlargement of the receptor fields of nociceptive neurons in trigeminal nucleus caudalis [1] . This may result in an increased activation of the trigeminovascular system. This phenomenon, well known in animal research, has a long duration and may be triggered by the "wind-up" phenomenon, which consists in an increased responsiveness of the dorsal horn and trigeminal nucleus caudalis nociceptive neurons subsequent to a repeated stimulation of C fibers [6] . Another suggestive hypothesis to explain chronic pain was taken from the neurophysiological model of "kindling" [7] . According to this hypothesis, repeated and persisting headache crises induce a modification in the activity of cerebral pathways involved in the modulation of pain; its reiterative firing, even in the absence of adequate trigger stimuli, may be involved in maintaining chronic pain also in the head. All these observations were assumed to potentially explain CDH, but only few biochemical and neurotransmitter findings currently support them.
Neurotransmitters involved in central mechanisms of pain
As a consequence of an increased afferent barrage, different peptides from sensory nociceptive neurons of the trigeminovascular system and sensory neurons in the dorsal horns at C2 spinal levels, i.e. substance P (SP) and calcitonin-gene related peptide (CGRP), as well as excitatory amino acids, in particular glutamate, but also other neuroactive substances, such as galanin, somatostatin and nerve growth factors, may be responsible for the altered central nociceptive processing in the head [8] . Substance P, a neurokinin which acts principally on NK1 receptors, and CGRP which acts on its specific receptors, are important mediators of spinal and trigeminal pain transmission. Other less well known neurokinins, NK-A and NK-B, which act on NK 2 and NK3 receptors respectively, may also contribute to spinal pain transmission. However, few data are available in this regard for the trigeminal systems [1, 9] .
A variety of NK 1 receptor antagonists have been synthesized but not all investigators reported significant antihyperalgesic effects of these compounds in animal models of pain. These observations suggest that other mediators, in particular glutamate, play a major role in developing and maintaining pain; this may also be true for chronic head pain [10] [11] [12] [13] . Receptors in the central nervous system with which glutamate interacts include ionotropic, cation-selective, ligandgated receptors and metabotropic G-protein coupled receptors [14] . The ionotropic glutamate receptors are further divided into N-methyl-D-aspartate (NMDA) receptors and non-NMDA receptors, which include α-amino-3 hydroxy-Smethyl-4-isoxazolepropionate (AMPA) and kainate receptors named for the chemical ligands that bind to these receptors. At least 7 glutamate receptor subunits have been identified, which can assemble in a variety of conformations, thereby giving unique characteristics to different receptors on the basis of the subunit assembly [1] .
Several findings suggest an interaction between NMDA receptors and sensory neurons that produce and release SP and CGRP. The former have been localized in the presynaptic terminals of fine-diameter nociceptors in the spinal cord and trigeminal nucleus caudalis, where they are believed to facilitate and prolong nociceptive input by increasing the release of neurokinins [15] .
The role of NMDA receptors has been established to be central to the development and maintenance of hyperalgesia and central sensitization. Conversely, the use of NMDA receptor antagonists has been reported to be effective in experimentally induced mechanical and thermal skin hyperalgesia, in models of joint and visceral inflammation, and in models of neuropathic pain [16] .
Among NMDA antagonists, non-competitive NMDA receptor channel antagonists, such as ketamine and magnesium chloride, are less effective than competitive NMDA receptors antagonists, such as CPP, in preclinical animal studies [17] . All the available data suggest that non-competitive NMDA receptor antagonists are potential antihyperalgesic but not analgesic compounds. The latter property has been, instead, attributed to the competitive NMDA receptors [18] .
Non-NMDA receptor antagonists are currently available and have been documented to attenuate hyperalgesia in some experimental pain models. A recent clinical study established the efficacy of a non-AMPA/kainate receptor antagonist LY293558 on hyperalgesia and exaggerated responses to applied stimuli produced by intradermal injection of capsaicin in human volunteers [19] . This evidence, together with the observation of fewer undesiderable effects, supports the development of novel drugs with non-NMDA receptor antagonistic activity. Such antihyperalgesic compounds may be useful in the treatment of chronic pain including CDH.
It is now known that glutamate receptors subunits can assemble to form ion channels in different ways condition-ing different functional characteristics of these channels. This has stimulated the development of novel, highly selective drugs that specifically act on the different glutamate receptors subunits to control pain. These compounds could be useful also in CDH.
Transduction mechanisms in nociceptive cells of dorsal horns and trigeminal nucleus caudalis NMDA receptor activation by glutamate released by central nociceptor terminals induces calcium entry into dorsal horn neurons and neurons of trigeminal nucleus caudalis [20] . The increased intracellular calcium induces translocation (from cytosolic to membrane-bound form) and activation of protein kinase C (PKC) and phosphorylation of NMDA channels which relieves the Mg 2+ block on the ion channel, leading to a further increase in calcium entry [21] . The increase in the intracellular calcium may also be responsible for the induction of early genes whose main products are Fos and Jun. The two early gene products, Fos and Jun, can alter cell proteins, receptors and other peptides, and they can account for long-lasting neuronal sensitization of the trigeminal neurons which may result in increased activation of the trigeminovascular system.
In animal models of head pain, in particular, there is good evidence for Fos activation in the trigeminal nucleus caudalis [22] . Fos is considered a marker for stimulation and may be a signal for the nervous system's adaptive responses to nociceptive insults.
Calcium entry into sensory neurons in the dorsal horns of the spinal cord and in the trigeminal nucleus caudalis also induces the activation of nitric oxide (NO • ) synthase leading to the synthesis of NO • and the activation of soluble guanylate cyclase. This, in turn, leads to an increase in the soluble intracellular messenger cyclic guanylate monophosphate (cGMP) [23] . Both glutamate and diffusible NO • can affect the nociceptor terminal, lead to a further release of glutamate and enhance the release of neurokinins from presynaptic neurons, therefore contributing to the development of hyperalgesia and maintaining central sensitization. Due to its critical role in this regard, NO may also be the target of a therapeutic approach for controlling chronic pain, including CDH.
Supraspinal modulation of pain
Spinal and trigeminal nociceptive input is subject to descending modulatory influences from supraspinal structures [21] . The first studies in this regard demonstrated that electrical stimulation of a number of supraspinal sites, including somatosensory cortex, periventricular gray matter, hypothalamus and thalamus, resulted in a pronounced analgesia. The most effective sites involved in stimulusinduced analgesia are located in the brain stem, i.e. in the ventrolateral column of the periacqueductal gray, pontine locus coeruleus and rostral ventromedial medulla (RVM) [24, 25] . The terminals of the descending pathways from these structures conveyed in the dorsolateral funiculi and ended in the laminae I, II and V of the trigeminal nucleus caudalis and in the laminae I-III and V-VII of the primary afferent nociceptors and cell bodies of second-order ascending nociceptive neurons.
Although descending pain modulatory systems were originally considered to inhibit trigeminal and spinal nociceptive sensory input, other descending systems from supraspinal sites have been demonstrated to be involved in facilitation of spinal nociceptive transmission and conveyed bilaterally in the ventrolateral funiculi. Additionally some structures, such as RVM, are involved both in inhibition and facilitation of spinal nociceptive transmission, depending on the intensity of the stimulus (high intensities are inhibitory, low intensities are facilitating). In the RVM there are "off cells" which inhibit and "on cells" that facilitate nociception. The descending pathways from these cells which mediate these opposite influences are anatomically, physiologically and pharmacologically distinct [26] . They modulate the activity of the trigeminal and dorsal horn neurons. In particular, increased activity of modulatory fibers originating from on cells may enhance the response to both painful and non-painful stimuli and contribute to control central sensitization.
The spinal mediators of descending nociceptive inhibitory influences include opioids, serotonin (5-HT), norepinephine (NE) and acetylcholine (ACh). Descending facilitatory influences are mediated, at least in part, by spinal serotonin (5-HT 1), cholecystokinin, and K opioid. Descending facilitating modulation involves activation of NMDA and neurotensin receptors as well as production of NO • , particularly in the RVM. Moreover, in some circumstances enhanced descending inhibitory influences are associated with persistent nociceptive input and involve non-NMDA receptors in the RVM [18] .
The notion that activation of descending medullospinal projection (as well as peripheral nociceptors) modulates central sensitization and hyperalgesia is supported by numerous studies examining various animal models of pain. This concept could be translated to chronic head pain.
Central sensitization in CDH
Central sensitization, consisting in increased neural S74 excitability at different levels of the central nervous system (CNS), due to a prolonged nociceptive input from vascular or pericranial myofascial tissues, is believed to play a role in CDH, both in episodic migraine and that evolving from a previous episodic tension-type headache. Recent data suggest an alteration in central nociceptive circuits in patients with chronic headache. Fusco et al. [27] investigated the two painful sensations induced by appropriate nociceptive stimuli, the "first pain", i.e. the initial pain sensation depending on the applied stimulus and the "second pain" that is characterized by a deeper painful sensation, more difficult to localize and with variable duration. Second pain was characterized by the phenomenon of temporal summation, i.e. the increase in its intensity due to repeated painful stimuli. This phenomenon is considered to be the physiological correlate of the activation of central excitatory circuits. The entity and characteristics of second pain were investigated by the authors in patients affected by transformed migraine, patients with chronic headache ab initio and in patients with chronic tension-type headache. They showed that second pain was significantly amplified and particularly accentuated in all chronic headache patient groups, whereas temporal summation of second pain was altered in patients affected by transformed migraine and chronic headache ab initio (both groups suffered from CDH with superimposed migraine attacks) but not by CTTH. Ergotamine withdrawal in chronic migraine patients who abused this drug induced a decrease of second pain.
More recently, Fusco [28] demonstrated that the oral administration of dextromethorphan, a weak antagonist of NMDA receptors, reduced the increased temporal summation of second pain. This effect was further augmented by the contemporary administration of magnesium which inhibits excitatory amino acid transmission in central neuronal circuits involved in the processing of nociceptive information. On the basis of these observations, the authors suggested the use of both drugs as a potential therapeutic approach for transformed migraine. He also proposed that proparacetamol, the precursor of acetaminophen, modulates excitatory amino acid receptors in central nociceptive pathways in these patients.
Based on the assumption that chronic daily headache with analgesic drug abuse is characterized by increased activity of the excitatory amino acid pathway, Nicolodi et al. [29] stated that the administration of NMDA receptor antagonists, such as ketamine, or of inhibitors of the synthesis or the release of excitatory amino acids, such as gabapentin, enables the analgesic-drug dependence associated with chronic daily migraine to be overcome without any physical abstinence signs. Follow-up of these patients indicated that negative modulators of pathways mediated by excitatory amino acids can induce a stable clinical benefit.
Although promising from a theoretical point of view, NMDA receptor antagonists produce undesirable psychotomimetic and motor side effects which limit their widespread use for CDH in clinical practice.
Nitric oxide, central sensitization and CDH
Nitric oxide has been demonstrated to play a crucial role in central sensitization in animal models of pain [30] . This NO-mediated sensitization may be a common denominator in the pain mechanisms of primary headaches. Supersensitivity to glyceryl trinitrate (GTN) by a nitric oxide donor was demonstrated in migraine even in cases of frequent attacks [31] , but was not investigated in patients with transformed migraine. Using the GTN model of experimental headache, the intensity, quality and time profile of headache after infusion of GTN (0.5 µg/kg per minute for 20 min) were recently studied by Ashina et al. [32] in 16 patients affected by CTTH in comparison with 16 healthy controls. Subjects were randomized to receive intravenous infusion of GTN or placebo on 2 headachefree days separated by at least one week [32] . In CTTH patients, the area under the curve (AUC, intensity x duration) on a GTN day was significantly higher than on a placebo day (p < 0.008). Moreover on the day of GTN, the AUC of the patients was significantly greater than that of healthy controls. In control subjects, peak pain intensity occurred 20 min after the start of infusion; in CTTH patients it occurred 8 hours after GTN infusion. In the latter group, NO induced a biphasic response with an immediate headache and a delayed headache, which has the same characteristics of spontaneous attacks in patients.
Based on the findings obtained in experimental models of pain and on the demonstration that NOS inhibition reduces central sensitization in models of chronic pain, the analgesic N(G) monomethyl L-arginine (L-NMMA), a nonselective NOS inhibitor, was demonstrated to be effective in relieving pain in CTTH patients [33] . A significant reduction in mean pain score, measured using visual and verbal analogical scales, was in fact demonstrated in these patients after L-NMMA infusion but not after placebo.
In CTTH patients, Ashina et al. [34] also investigated the effect of L-NMMA on increased pericranial muscle hardness and tenderness, which were considered to reflect sensitization of second-order neurons due to prolonged myofascial input. The reduction in the hardness and tenderness of pericranial muscles after L-NMMA infusion in CTTH, demonstrated in this study, supports its potential role as an analgesic in these patients.
The effectiveness of NOS inhibitors on chronic daily S75 headache evolving from a previous history of migraine remains to be established. The use of selective inhibitors (for neural and endothelial forms of NOS) may also be particularly helpful in clarifyng the peripheral and central components involved in head pain chronicization in this pathological condition.
Alteration of supraspinal descending facilitating and inhibitory pathways of spinal and trigeminal nociceptive processing
Monoamine supersensitivity and a condition similar to opiate abstinence have been suggested by Sicuteri et al. [35] to be common features and a different target of the mechanisms in migraine. These abnormalities, according to the authors, can reverse at the end of the attacks. This reiterating may be involved in migraine chronicization. From a historical point of view, one of the first hypotheses which has been investigated in CDH is the functional impairment of the endogenous opioid system. More recently, a disturbance of the serotoninergic system was substantiated by several studies in patients with CDH evolving from a previous history of migraine, particularly in those with chronic drug abuse.
Opioid system and CDH
A reduction in beta-endorphin levels in patients with continuous migraine and interparoxysmal headache has been observed; these changes were related to the increasing frequency of attacks [36] . However, reduced beta-endorphin levels were not found in the cerebrospinal fluid (CSF) and plasma of patients with CTTH [37] . On the contrary, research carried out by our group some years ago showed lower levels of beta-endorphins in peripheral blood lymphomonocytes of CTTH patients. These cells are considered to be a peripheral window of central neurotransmitter variations, including that of endogenous opioids. The decrease in the levels of these neurotransmitters, related to antinociception, also implied in CTTH a functional impairment of the pathways involved in the processing and control of painful information [38] .
Another proof supporting opioid system involvement in CDH comes from a study from Langemark et al. [39] , who showed an increase in the plasma levels of metenkephalin in CDH patients. This increase was suggested to be related to a compensatory response to the increased serotonin and substance P release accompanying head pain maintenance in these patients.
Serotoninergic pathways in CDH and their relation to nitric oxide pathway
A functional impairment of serotoninergic pathways has been proposed in CDH patients and mainly supported by studies carried out on the platelet model. One of the first studies in this regard demonstrated a reduction in serotonin platelet content in patients affect by CTTH during the cold pressor test compared to control individuals, suggesting a abnormality of 5-HT uptake into platelets and factors which cause release of 5-HT from platelets of the same patients [40] . The reduced serotoninergic function in platelets was also confirmed by the findings of an upregulation of 5-HT 2 platelet receptors in CDH patients with a previous history of migraine [41] .
A disturbance in intracellular events in platelets of patients with chronic headache associated with drug abuse has also emerged. In research carried out by Hering et al. [42] , medication misuse was associated with an alteration in membrane transduction pathways, consisting in decreased responsiveness of the polyphosphoinositide (PPI) system in platelets challenged with thrombin. In the same study, a clear change in the responsiveness of the PPI system emerged upon abrupt withdrawal of abused medication [42] . A more recent study carried out by Srikiatkhachorn and Anthony [43] demonstrated a reduced content and uptake of 5-HT, as well as the upregulation of 5HT 2 receptors in platelets of patients with analgesic-induced headache. According to the authors, these findings suggested that analgesic-induced suppression of 5-HT uptake interferes with the function of the pain modulatory system in the brainstem [44] .
Collagen induces an increase in L-arginine/NO pathway expression in stimulated platelets, due to the activation of calcium constitutive NOS. Based on these observations, collagen-stimulated platelets can be considered an useful tool for studying NO metabolism in headache patients. Due to the difficulty in assessing NOS activity in vivo in migraine and CDH patients, the platelet model may help to study NO involvement and the relationship with serotonin metabolism and drug use and misuse in these pathological conditions.
We recently assessed the variations in the activity of the L-arginine/nitric oxide pathway and in platelet cGMP levels in patients affected by CDH evolving from a previous history of migraine [45] . NO production was measured spectrometrically by the stochiometric transformation of oxyhemoglobin to methemoglobin due to NOS activity Inter-platelet cGMP concentration was assessed by a radioimmunoassay (RIA). NO and cGMP were determnined at the same time with the variations in platelet aggregation response to different collagen concentrations. The intracellular platelet calcium concentration was also determined using fluorescence polarization spectrometry. These parameters were compared to those of an age-and sex-matched control group. A reduction in platelet aggregation response for every collagen concentration was found in CDH patients. The reduction of platelet aggregation was coupled with increased NO and cGMP production. A significant cytosolic Ca 2+ concentration increase in patients was found compared to control individuals. This was accompanied by a reduced platelet 5-HT content. We hypothesized that these cGMP-Ca 2+ -mediated events are activated in CDH patients as a physiologic compensatory mechanism counteracting cytosolic Ca 2+ increase, but they are not so efficient to antagonize serotonin depletion by dense bodies in platelets. Whether changes in serotonin and NO metabolism in platelets of CDH patients reflect similar changes in the CNS is a matter of controversy. However, considering platelets as a peripheral model of monaminergic neurons, a similar alteration of the central serotoninergic pathways in CDH patients cannot be excluded. The effect of drug withdrawal on NO metabolism in platelets of CDH patients remains to be established.
Experimental data suggest that a hyposerotoninergic condition can facilitate the NO-induced physiological and pathological responses in cerebral vessels, and therefore, this can be a possible explanation for supersensitivity to NO in migraine patients. This condition can be particularly evident in patients with CDH evolving from a previous history of migraine [46] . In contrast with the clear evidence for a disturbance of the serotoninergic system in CDH evolving from a previous history of migraine, recent findings suggest that peripheral 5-HT metabolism and a number of platelet 5-HT transporters are on the whole normal in patients with CTTH [47, 48] .
CDH and drug abuse
Chronic analgesic use may lower the pain threshold by suppressing the endogenous opioid system, allowing weaker stimuli to evoke headache. Analgesics that chronically suppress the central nociceptive activity upregulate post-synaptic nociceptive receptors [49] . The increased number of nociceptive receptors may lead to an increased perception of pain upon withdrawal of the analgesic or a decrease in its blood level. A similar concept has been invoked to explain the transformation of episodic migraine into CDH.
Increasing activity of the "on cells" in the pain modulation system of the brain stem may enhance the response to any painful and not painful stimuli, resulting in the sensitization of nociceptors in the trigeminal nucleus caudalis. This activity may particularly be enhanced during druginduced headache, a mechanism similar to that occurring during opioid withdrawal. A decrease in platelet serotonin in migraine patients overusing analgesics has been demonstrated; this allows us to hypothesize that analgesic overuse depletes serotonin from storage sites, leading to an increase in the frequency of attacks [40, 44] .
As mentioned previously, the 5-HT system was investigated in migraine patients with analgesic abuse by using platelets as neuronal model. A decrease in platelet 5-HT content, which was accompanied by a reduction in platelet dense body number, occurred in these patients compared to controls and patients without analgesic abuse [50] . The presence of large intracytoplasmic vacuoli was also observed. They are formed from the surface-connecting canaliculi system which plays a significant role in platelet secretory response. Dilatation of the canaliculi system implies an excessive release of 5-HT and agrees with our results supporting an hyposerotoninergic state.
The analgesic-induced 5-HT alteration may be a possible mechanism involved in the transformation of headache to chronic form. This concept is supported by the observation that 1-month withdrawal of drugs involved in analgesic-induced headache results in an increase in blood serotonin levels accompanying the reduction in headache frequency [51] .
To investigate the effects of chronic analgesic exposure on the central serotonin system and the relation between serotonin system and analgesic consumption, Srikiatkhachorn et al. [52] showed in frontal cortex membranes of male Wistar rats a reduction in the binding sites for 5-HT 2A and an increase in serotonin transporter due to chronic paracetamol administration. They hypothesized that plasticity of the neurotransmitter system after chronic exposure may lead to the loss of analgesic efficacy, and may produce analgesic-related painful conditions such as analgesic abuse headache.
The neurochemical basis of ergotamine and triptan overuse has not yet been established. As mentioned previously, ergotamine withdrawal reduces summation of second pain in chronic daily headache patients. Moreover, 5-HT supersensitivity and the possible intervention of a "craving for serotonin" was hypothesized to explain the worsening and chronicization of migraine associated with triptan misuse [53] .
Conclusions
Despite the difficult nosography and variability in the clinical features of CDH, one of the most important concerns is the pathophysiological substrate underlying chronicization of pain. Central sensitization has been advocated to explain CDH, both that evolving from a history of migraine and the episodic tension-type headache.
In the latter, on the basis of the increased tenderness of pericranial muscles and reduced pressor pain threshold in CTTH, Bendtsen [54] affirmed that the qualitatively altered nociception may be attributed in CTTH patients to central sensitization at the level of spinal dorsal horn/trigeminal nucleus due to prolonged nociceptive input from pericranial myofascial tissues. The increased nociceptive input to supraspinal structures may in turn result in supraspinal sensitization. The central neuroplastic changes may affect the regulation of peripheral mechanisms and thereby lead to increased pericranial muscle activity or release of neurotransmitter in myofascial tissue. By such mechanisms, the central sensitization may be maintained even after the initial eliciting factors have been normalized, resulting in the conversion of episodic headache into CTTH. Future research should be aimed at identifying the source of peripheral nociception in order to prevent or reduce just established central sensitization. In the light of this hypothesis, results on efficacy of amitriptyline in reducing headache and myofacial tenderness in CTTH patients should be considered. In these patients amitriptyline seems to elicit its analgesic effect by reducing the transmission of pain stimuli from myofascial tissues, exerting therefore a peripheral antinociceptive action, as well as inducing a segmental reduction of central sensitization [55] .
Central sensitization could be also advocated to explain transformed migraine due to maintained peripheral sensitization of vascular structures responsible for maintained trigeminovascular system activation. Alteration of supraspinal pathways involved in the modulation of nociceptive input was demonstrated in these patients.
A functional impairment of the serotoninergic pathway was demonstrated in the platelet model. This impairment consists in the up-regulation of 5HT 2 receptors in CDH patients with a previous history of migraine, especially in those patients where analgesic abuse decreased serotonin content and dilatation of the canaliculi system. This condition causes an excessive release of 5-HT and therefore results in a hyposerotoninergic state.
Recently, our group found increased nitric oxide synthase (NOS) activity in patients with CDH, as highlighted by the values of NO and cGMP production, the increased basal and collagen-stimulated cytosolic calcium concentration, and the decreased secretion and reduced concentration of serotonin. These alterations were particularly evident in patients misusing analgesics and ergotamine [45] . Further mechanisms other than the impairment of antinociceptive modulatory pain pathways have been advocated, but only partially investigated in CDH. They involved NMDA receptor activation and NO production and supersensitivity (as shown when using the model of nitroglycerin-induced headache in CTTH), increased and maintained production of SP and CGRP (particularly in transformed migraine) and more recently neurotrophins, in particular nerve growth factor (NGF) [56] .
NGF has been demonstrated in experimental models to be involved in acute hyperalgesia and maintaining chronic pain. NGF also provides a prolonged effect potentially through the redistribution of the sodium channels and through the production of PN1 sodium channels in the small neurons of dorsal root ganglia [57] . The potentiating effect of NGF on nociceptive sensory input and NMDA evoked responses suggests its involvement in central sensitization [58] . All this experimental evidence suggests a putative role of NGF and other growth factors in chronic pain. In the future, its involvement should be investigated in CDH in humans.
The most relevant suggestions on the pathogenetic mechanism of chronic head pain come from in vivo imaging studies. Recent advanced MRI techniques showed signal intensity abnormalities, supporting the occurrence of a biochemical disturbance in brain structures involved in the processing of head pain [59] . Furthermore, positron emission tomography studies may be useful to investigate the potential reiterative activation of some central structures in the brain which have been proposed to be "pain generators" in migraine and which may be more evident in CDH.
